Introduction
Causative agents of many important human and animal diseases are transmitted by ticks (Brown et al. 2005 , Estrada-Pena 2009 . Different tick species prevail in different geographic regions. To understand the epidemiology of tick-borne pathogens and develop effective approaches for control and prevention of the related diseases, an accurate identification of the vector ticks is important.
Morphological analysis based on a system of phenotypic criteria Litwak 1989, Sonenshine 1991 ) has long been a customary way of tick determination. However, the morphological identification is difficult, not always possible, and may lead to misidentification (Caporale et al. 1995 , Poucher et al. 1999 , Anderson et al. 2004 , and references therein). Adult ticks belonging to different genera are most easily identified using dichotomous keys, but even in this situation a solid training and experience in taxonomy and morphology is required. Subadult isolates (nymphs and larvae) are usually more difficult to identify, particularly in closely related species, where distinguishing characteristics can show high intraspecific variability and may overlap with those of the related species. Moreover, even at an intergeneric level morphological identification is poorly applicable in the case of damaged ticks.
More convenient and reliable approaches that are free from the discussed disadvantages are desirable. Apparent opportunities are offered by molecular techniques. Sequencing-based analysis of well-known nuclear and mitochondrial markers has been used for phylogenetic studies of ticks (Black and Piesman 1994 , Caporale et al. 1995 , Black et al. 1997 , Mangold et al. 1998 , Fukunaga et al. 2000 , Murrell et al. 2001b , Nava et al. 2009 ), investigation of tick population structure (Casati et al. 2008) , and solution of the conspecificity problem in morphologically very similar species (Wesson et al. 1993 , Zahler et al. 1995 . In particular, the genes of the rRNA gene cluster (18S, 28S, and 5S), internal transcribed spacer 2 (ITS2) (Fig. 1) , separating the 5S and 28S rDNA genes, mitochondrial 16S and 12S rDNA genes, and some other mitochondrial genes were used in these studies.
However, epidemiological surveillance even in small geographic areas usually involves large numbers of tick isolates and therefore appeals for rapid and at the same time reliable identification method. Polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP) has been previously used for this purpose. In particular, a taxonomic key based on the PCR-RFLP of ITS2 locus was developed for distinction of 17 Ixodes tick species typical for the United States (Poucher et al. 1999) . PCR-RFLP of mitochondrial 16S rRNA gene was used for discrimination on the genus level of medically important U.S. Metastriata ticks (Anderson et al. 2004 ).
In the later studies, however, the species-specific PCR was proposed as more convenient and reliable approach. On the basis of the ITS2 sequence, species-specific real-time PCR assays were developed for differentiation between four U.S. tick species of high medical importance, including the closely related Ixodes scapularis and Ixodes pacificus (Shone et al. 2006) . For discrimination of two other important North American species, Dermacentor andersoni and Dermacentor variabilis, a conventional PCR-based assay taking the advantage of the length difference of their ITS2 was developed (Dergousoff and Chilton 2007) .
To date, there are no practical and effective molecular assays for discrimination of tick species in Euro-Asia. To establish the species-specific, PCR-based system for differentiation of Euro-Asian ticks, we report here a series of species-specific PCRs, discriminating between four tick species of high medical importance in Europe and Asia, namely, Ixodes ricinus, Ixodes persulcatus, Ixodes hexagonus, and Dermacentor reticulatus.
I. ricinus and I. persulcatus are considered the most abundant and medically significant Euro-Asian tick species responsible for the majority of tick-transmitted diseases in Europe and Asia (Brown et al. 2005) . They are the main vectors of tick-borne encephalitis virus and Lyme disease Borrellia. I. persulcatus dominates in the Asian Taiga regions, while I. ricinus prevails in the temperate parts of Europe. The exact Eastern European distribution ranges of either species are not quite clear and the area of their coexistence is not precisely determined. According to Pomerantzev (1959) and the maps of Kolonin (1981) , the eastern distribution of I. ricinus covers the Eastern European states, including parts of Western Russia up to a line connecting the Karel Peninsula, the St. Petersburg, and Gorki area and further south along the Volga River, whereas the western boundary of I. persulcatus crosses the Baltic States and the western parts of Russia. The authors cite single findings of I. ricinus east of the Volga River as well as of I. persulcatus west of the described area. However, the existence of established populations has not been confirmed, except the Kokkola Islands in Finland, where an I. persulcatus population has been detected far west of its known distribution range (Jääskeläinen et al. 2006) . Currently, coexistence of the two species has been reported from the western parts of Russia and the Baltic States (Bormane et al. 2004 , Brown et al. 2005 , Masuzawa et al. 2005 . Some studies indicate the extension of I. ricinus up to Ural Mountains (Schwarz et al. 2009 and references therein).
I. hexagonus is ranked by various studies as the second most prevalent Ixodes species in Europe after I. ricinus (Camacho et al. 2003 , Nijhof et al. 2007 . Its role in transmission of zoonotic diseases has not been yet rigorously studied, but the presence of pathogens also found in I. ricinus has been established, and in some cases the prevalence of pathogens was higher than in I. ricinus (Camacho et al. 2003) .
D. reticulatus extends from Western Europe up to Central Asia and is an important vector of canine babesiosis, tularaemia, Q-fever, and at least one zoonotic rickettsiosis (Dautel et al. 2006 ).
Materials and Methods

Tick material
Ticks were obtained from the IS Insect Services GmbH (Berlin, Germany). Adult I. ricinus, I. persulcatus, and D. reticulatus ticks were fed on rabbits; adult engorged I. hexagonus were obtained from a hedgehog. All larval and nymphal ticks were fed on gerbils (Meriones unguiculatus). Ticks were kept at 20°C and 90% relative humidity (r.h.) either at darkness or under long day conditions (16 h light and 8 h darkness) between blood meals. I. ricinus and D. reticulatus ticks originated from the Berlin area and were the F1 and F3 laboratory generation, respectively. I. persulcatus (F4 laboratory generation) originated from Lithuania and I. hexagonus (F1 generation) from the Karlsruhe and Berlin area. Four unfed adult females and four fed nymphs of each species and two fed larvae of both I. persulcatus and D. reticulatus were used in PCRs.
In addition, the following unfed field ticks collected by Dr. Elmara Graser (Analytikjena Bio Solutions, Jena, Germany) and Dr. Thomas Talaska (consulting physician for microbiology) from Berlin/Brandenburg region were used: nine I. ricinus (including three females, three Rickettsia-infected females, and three Borrelia-infected nymphs), two female I. hexagonus, and eight female D. reticulates (including four Ricketsia infected).
The species identity of the Ixodes ticks was validated by sequencing of the mitochondrial 16S RNA fragment generated by PCR 5 (Table 1; Caporale et al. 1995) .
Each tick was frozen and stored at −70°C until use.
DNA isolation
Total tick DNA was isolated from the complete tick body by homogenization by the rapideStripe tick DNA/RNA Extraction Kit (Analytikjena Bio Solutions). Briefly, an individual tick was placed into the Lysis Tube P, 100 μL of the RL solution was added, and homogenization was performed in the SpeedMill during 4 min. The DNA was extracted and purified with the rapideStripe tick DNA/RNA Extraction Kit, according to the recommendations of the manufacturer. DNA was eluted with 100 μL of the elution buffer and stored at −20°C.
Primers, PCRs, and analysis of PCR results
All primers (Table 1) were synthesized by Invitrogen GmbH (Karlsruhe, Germany). Analytical PCRs were performed in a total volume of 10 μL. Amplicons for DNA sequencing were obtained in 50 μL. PCR mixtures were prepared as follows: 0.05 U/μL of AmpliTaq polymerase, 1 × PCR Buffer, 1.5 mM MgCl 2 (all from Invitrogen GmbH), 0.2 mM of each dNTP (Fermentas GmbH, St. Leon-Rot, Deutschland), 0.5 pm/μL of each primer, and fourfold (adult ticks) or twofold (subadult forms) dilution of DNA preparation was added 1:10 to the final volume. Reactions were performed in thermal cycler Biometra (Biometra Biomedizinische Analytik GmbH, Goettingen, Germany) with the following conditions: 94°C, 3 min (initial denaturation); 35 cycles of 94°C, 40 s (denaturation), annealing by the respective temperature (depending on the primer pair, Table 1), 60 s, and 72°C, 60 s (extension); followed by 72°C for 10 min (final extension). Negative controls were included in each PCR run.
PCRs were analyzed by electrophoresis in 2% agarose-TBE gel, containing 0.5 μg/mL ethidium bromide. A 100 bp DNA ladder (Invitrogen GmbH) was used as the size standard.
The identity of PCR amplicons was confirmed by their direct sequencing after gel extraction and purification with QIAquick Gel Extraction kit (Qiagen GmbH, Hilden, Germany).
Cloning of ITS2
PCR 1 amplicon (Table 1 ) obtained for each specie was cloned into the pDrive cloning vector (Qiagen GmbH) according to the manufacturer's recommendations. Plasmid DNA was isolated from transformants with Qiagen plasmid DNA purification Kit (Qiagen GmbH), and the insert was sequenced using M13 forward and reverse primers.
DNA sequencing
Automated DNA sequencing (ABI PRISM DNA Sequencer) in both directions with the respective primers was performed in all cases.
ITS2 sequences were deposited in GenBank under the accession numbers GU001676-GU001679 and GQ924083.
Bioinformatics tools DNA Star (Lasergene) package and the tools offered by NCBI were utilized for DNA search and analysis. In particular, primer design and analysis of the sequencing traces were performed by the respective tools offered by DNA Star package. Multiple alignment was performed by ClustalW method (within the DNA Star package), and for pair-wise alignment bl2seq2 tool (NCBI) was also used. The specificity of PCR primer pairs to the intended templates was checked with the Primer-BLAST tool (NCBI).
Results
Choice of the locus for primer design DNA database was searched for an orthologous locus whose sequence variablity among the targeted tick species was sufficient for a design of the species discriminating PCRs. Most of the sequence information was related to the ITS2 or mitochondrial DNA. Either of these two loci is conserved at the intraspecies level and displays noticeable interspecies variability. Moreover, each of these loci is present in multiple copies in the genome, which is favorable for their yield in DNA preparations. Both loci have been extensively used in phylogenetic studies as well as in all previous works on PCR-based tick differentiation.
Complete ITS2 sequence was available for 7 and 15 isolates of I. ricinus and I. Persulcatus, respectively (Fukunaga et al. 2000) . Additionally, one partial sequence lacking 54 bp on the 5′-end was submitted by Chitimia et al. (2009) for I. ricinus. For I. hexagonus, however, no ITS2 sequences were entered. Entire mitochondrial genome was available for I. persulcatus and I. hexagonus (Shao et al. 2005 ) but for I. ricinus only single fragments of mitochondrial DNA were known.
The entire length of the overall very similar mitochondrial DNAs of I. persulcatus and I. hexagonus yielded only a few dissimilar stretches convenient for the PCR design. At the same time the available mitochondrial DNA fragments of I. ricinus were highly similar to the corresponding fragments of the I. persulcatus, and our attempts to sequence the missing part of I. ricinus mitochondrial DNA by primer walking were unsuccessful (data not shown). On the basis of the available mitochondrial sequences, we successfully developed discriminating PCRs for the pairs I. hexagonus/I. ricinus, and I. hexagonus/I. persulcatus, but not for the pair I. ricinus/I. persulcatus.
Discrimination between I. ricinus and I. persulcatus was the main focus of this work. Therefore, we attempted to establish the discrimination system on the basis of ITS2.
Discrimination between I. ricinus and I. persulcatus
The ITS2 sequences of I. persulcatus and I. ricinus deposited in DNA data bank were from ticks collected in Japan and former Czechoslovakia, respectively (Fukunaga et al. 2000) . The partial I. ricinus sequence was from a Romanian specimen (Chitimia et al. 2009 ). Within each of the two tick species the similarity value was 97.2% for I. ricinus and 99% for I. pesulcatus (Fukunaga et al. 2000) . To derive the ITS2 sequences of our I. ricinus/I. persulcatus ticks for comparison with the available ones, we developed a PCR amplifying the entire ITS2 locus (PCR 1, Table 1 ). The direct and reverse primers of this PCR targeted, respectively, the left and the right ITS2 flanking fragment sequenced by Fukunaga et al. (2000) concomitantly with the ITS2. The left fragment belongs to the 5S rRNA gene and the right one to the 28S rRNA gene (Fig. 1) . Both fragments are highly conserved among the Ixodes species. This PCR yielded the expected amplicon of about 778 bp for the specimens of both species.
The amplicons from three specimens of each species were cloned and sequenced. The sequences fit well into the range of the intraspecies sequence variation of either species estimated by Fukunaga et al. (2000) .
Multiple alignments of all ITS2 sequences discussed above were performed to search for the fragments of sequence dissimilarity appropriate for design of the species-differentiating PCR. A part of this alignment is presented on the Figure 1 . In closely similar ITS2 of the two species (identity 87.4%-88.9% depending on the pair of the isolates) the stretches of dissimilarity were rather homogenously distributed along the entire length of the ITS2 locus. The alignment revealed no deletions/insertions long enough for a design of a single PCR discriminating by the amplicon size (Dergousoff and Chilton 2007, Chitimia et al. 2009 ). Therefore, we decided to develop one specific PCR for each of the two species. For this purpose we looked for the stretches of interspecies dissimilarity with the highest degree of intraspecies conservation, especially in the vicinity of the 3′-end of the probable primer sequence.
A few dissimilarity stretches that fit these criteria and allowed at the same time to design good-qualityspecific primers and their counterparts were found for each species and the PCRs generated on their basis were tested. For either species we found a set of PCRs stably yielding the expected product only for the targeted species. Finally, we selected one primer pair for each species (Table 1 , PCR 2 and PCR 3; Fig. 1 ), which unlike the other ones did not yield satellite products (Fig. 2) . The optimal annealing temperatures of the two PCRs were, however, essentially different (Table 1) . We therefore selected one more I. ricinus-specific pair (PCR 2a, Table 1 and Fig. 2 ) that allows performing the reaction at the annealing temperature equal to that of the I. persulcatus-specific PCR (PCR 3), but displays in some cases a pattern of week satellite products on I. persulcatus template. However, these satellite products did not hamper the discrimination since they were significantly longer than the targeted PCR 2a amplicon.
These PCRs yielded no product on I. hexagonus and D. reticulatus.
Specific PCR for I. hexagonus PCR 1 also yielded a product on the DNA of I. hexagonus (Fig. 2) . The I. hexagonus amplicon was close in length to that of I. ricinus/I. persulcatus, which is the characteristic size of ITS2 of the Ixodes species (Fukunaga et al. 2000) . The amplicons from five specimens were cloned and sequenced. The similarity range was between 99.9% and 100%.
Identity of I. hexagonus ITS2 with that of I. ricinus and I. persulcatus was 59.7%-60.9% and 59.0%-59.6%, respectively. On the basis of the low similarity, a set of primer pairs, each containing at least one primer, targeting within a stretch of high dissimilarity with the two other Ixodes species was generated and tested in PCRs. All primer pairs yielded the expected product only for I. hexagonus. The pair of PCR 4 (Table 1) was selected for routine analysis.
Each of the designed species-specific PCRs was also checked for specificity by Primer-BLAST tool (NCBI) against all available DNA databases. Analysis revealed that each PCR targeted exclusively the intended template.
Intergeneric PCR
The PCR 1 on D. reticulatus yielded the amplicon with the size of about 1045 bp, which differs distinctively from the respective amplicons of Ixodes (Fig. 2) . Therefore, PCR 1 can also distinguish D. reticulatus from the three Ixodes species. However, in the areas of D. reticulatus distribution tick species, with ITS2 length similar to that of D. reticulatus could also be present (Zahler et al. 1995 , Murrell et al. 2001a , Chitimia et al. 2009 ).
Discussion
A specific task of tick differentiation often stipulates in advance the set of ticks of interest and/or implies knowledge of the species prevailing in the surveillance areas. For each of the targeted species a PCR-based discrimination system should have at least one primer pair yielding the respective product only for this species. At the same time the optimal system should also reliably cut off other species concomitantly existing or emerging in the given area. During relatively short time the geographic distribution of species can drastically change. For example, in the last three decades D. reticulatus has essentially expanded its range in the eastern and southwestern parts of Germany and I. ricinus shifted north (Dautel et al. 2006 , Gray et al. 2009 ). Minor tick species, imported by migrating birds, can deliver important pathogens (Pietzsch et al. 2008) . Specimens featuring the negative outcome for each of the specific PCRs of a given discrimination system may provide important information on the trends in the species dynamics. A species-specific PCR should therefore be unique for the targeted species not only within a limited group of tick species under consideration but also for the entire variety of tick species. The proposed system for discrimination of the four Euro-Asian tick species, along with the previously developed systems, may establish the first basis of a global PCRbased tick identification framework, complementing the conventional morphological systems.
